Backgrounds: The aims of the present study were to determine the associations and sex-specific relationships between extreme sleep duration and cardiac autonomic control in a cohort of older individuals. Methods: A community-based survey was conducted in Yilan City, Taiwan. Community-dwelling older adults aged ≥65 were randomly selected to participate. Extreme sleep durations were defined as either short sleep (≤5 hours) or long sleep (≥8 hours). Cardiac autonomic control was evaluated using the parameters of frequency-domain analysis of heart rate variability. Results: Of 1,721 participants, 58.7% were female. In multiple logistic regression analyses, short sleep duration did not correlate with any of the unhealthier parameters of heart rate variability. In contrast, long sleep duration was associated with elevated risk for poor high-frequency values (odds ratio [OR]: 1.83, 95% confidence interval [CI]: 1.34-2.50) and the unfavorable low-frequency values (OR: 1.44, 95% CI: 1.05-1.97). When stratified by sex, the associations between extreme sleep duration and poor heart rate variability were more robust in males. Conclusions: Poor cardiac autonomic control may underlie the link between extreme sleep duration and adverse health outcomes in older adults. A sex-specific relationship between poor cardiac autonomic function and extreme sleep duration also was found.
Extreme sleep durations have been closely linked to adverse health outcomes (1, 2) . However, inconsistent findings, including U-shape (3), J-shape (4, 5) , and reversed J-shape (6) patterns, have been reported to describe the relationships between extreme sleep duration and health conditions in older populations. Because of these inconsistencies, the underlying pathophysiology of this complex relationship warrants further elucidation.
Meta-analysis has demonstrated extreme sleep duration as a risk indicator for cardiovascular morbidities and mortalities (7) , but the consistency and magnitude of the association appear to have sex differences (8, 9) . Because attenuated cardiac autonomic control is one of the important pathophysiological indicators for cardiovascular diseases (10) , impaired cardiac autonomic function may mediate the relationship between extreme sleep duration and cardiovascular morbidities or mortalities. However, whether extreme sleep duration is related to poor cardiac autonomic control and is affected by sex remain unclear.
Heart rate variability (HRV) is a marker of cardiac autonomic control. In the field of sleep research, HRV has been used as a physiological index to examine the autonomic function in various conditions of sleep disturbance (11) (12) (13) (14) . With regards to the relationship between quantity of sleep and HRV, unhealthy HRV has been reported (15, 16) . However, most of these studies were designed to examine the effect of acute sleep deprivation on HRV in healthy individuals or shift-workers. In the literature, only short sleep duration has been associated with elevated heart rates in older adults (17) and associated inversely with the low-frequency to high-frequency ratio (LF/HF) of HRV in children (18) . To the best of our knowledge, no studies have examined the relationships between extreme sleep durations and HRV in older adults.
Therefore, the objective of the present study was to determine the associations and sex-specific relationships between extreme sleep duration and cardiac autonomic control in a cohort of communitydwelling older adults, using HRV to estimate cardiac autonomic function.
Method

Study Design and Participants
The details of the Yilan study have been addressed elsewhere (19) . In brief, well-trained investigation assistants visited eligible participants face-to-face either at the participants' homes or during routine health service visits at health stations. From August 2013 to December 2015, individuals who were aged ≥65 and lived at Yilan City were randomly selected to participate in the study. Individuals who failed to provide past medical history or who could not complete the interview because of physical disability or compromised cognitive function were excluded. All participants provided written informed consent, and the Institutional Review Board of the National Yang-Ming University approved this study. A total of 1,721 older adults were included. Data collection, including the interview and HRV measurement, was completed at the same visit.
Measurement of Cardiac Autonomic Control
In the present study, cardiac autonomic control was evaluated by measurement of HRV. Detailed procedures for the analysis of HRV have been reported previously (20) . In brief, after sitting quietly for 20 minutes before the interview, a lead I electrocardiogram was obtained for 5 minutes, while the subject sat quietly and breathed normally. Using an HRV analyzer (KY-3, Yang-Ying Inc., Taiwan), power spectral analysis was performed using the nonparametric method of fast Fourier transformation (21). The power spectrum was then quantified into standard frequency-domain measurements, which consisted of high-frequency values (HF: 0.15-0.40 Hz), low frequency values (LF: 0.04-0.15 Hz), and the LF/HF ratio (22) . Regarding the clinical implications of HRV measurements, HF is considered a good indicator of cardiac vagal control. In parallel, LF is modulated by both sympathetic and parasympathetic systems, is regarded to reflect baroreflex sensitivity (23) , and correlates well with biological age (24) . Therefore, LF has been suggested as a proxy for estimating biological age in Taiwan's population (24) . The LF/HF ratio is considered to reflect sympathovagal balance, with a larger LF/HF ratio indicating a greater predominance of sympathetic activity over cardiac vagal control (22) . In the present study, lowest quartiles of total power, HF, LF, and the highest quartile of LF/HF were defined as "unhealthier" parameters of HRV. Because HRV has circadian variation and is sensitive to environmental conditions, the timing and location of HRV collection were included as potential confounding variables.
Measurements of Sleep-Related Variables
Sleep duration was estimated using one single question: "During the past month, how many hours of actual sleep did you get at night?" Sleep duration was categorized as hour units. Because sleep duration ≤5 hours has been consistently regarded as unfavorable with respect to risk of various morbidities or mortalities (1), we defined sleep duration ≤5 hours as short sleep duration. In contrast, the definition of long sleep duration varies in the literature. In our previous study in Taiwan, older adults who reported ≥8 hours of night sleep had an elevated risk for cardiovascular and all-cause mortality (5) . Therefore, a cutoff point of ≥8 hours of sleep was adopted to categorize long sleep duration.
To evaluate comprehensively the relationship between sleep and HRV, other sleep-related parameters were also collected. Sleep quality was assessed with the Pittsburgh Sleep Quality Index. The cutoff for poor sleep quality as defined by this index was a score >5 (25) . Sleepwake schedule was categorized by quartiles of reported bedtime and time of waking. Individuals who reported sleep-wake times that were in the second and third quartiles were collapsed as the reference group. Epworth Sleepiness Scale was used to evaluate excessive daytime sleepiness, with scores ≥10 indicating daytime sleepiness (26) . Hypnotics use was categorized according to the frequency of the nights that the participants used hypnotics in the most recent 4-week period.
Covariates
With respect to chronic medical morbidities, self-reported information about diabetes mellitus, hypertension, cardiovascular disease, stroke, hyperlipidemia, and cancer were collected. Medical diseases were recorded as present only for participants who reported both diagnosis and treatment experience. The Hospital Anxiety and Depression Scale was utilized to measure depression and anxiety symptoms and the Chinese translation of the Hospital Anxiety and Depression Scale has been proven valid, with optimal cutoff points of 6 for the depression subscore and 3 for the anxiety subscore (27) . Moreover, we used the Groningen Activity Restriction Scale to assess physical disability (28) . The Groningen Activity Restriction Scale contains 18 items that assess daily activities based on one of four response options. In the present study, physical disability was defined as difficulty in performing one or more activities (total score ≥ 19).
Statistical Analysis
Statistical analyses were performed using SPSS for Windows, version 13.0 (SPSS Inc., Chicago, IL). In addition to univariate analyses using the χ 2 test, logistic regression analyses were conducted to examine the independent associations between extreme sleep durations and the unhealthier parameters of HRV. A p value <.05 was considered statistically significant.
Results
A total of 1,721 individuals participated in the study. The percentage of older adults exhibiting extreme sleep durations were 21.6% and 24.5% for long sleepers and short sleepers, respectively (Table  1) . A total of 38.5% of older adults reported poor sleep quality. In regards to sleep-related variables, bedtime (p < .001), wake-up time (p < .001), poor sleep quality (p < .001), daytime sleepiness (p = .04), and hypnotics use (p = .002) were all distributed differently in the sleep duration groups. In a univariate analysis, a higher proportion of long sleepers had the lowest quartiles of HF (p < .001) and LF power (p < .001; Table 2 ). Upon further inspection of the distribution of individuals exhibiting the unhealthier parameters of HRV, a higher proportion of males were in the categories of lowest HF (male: 29.3%; female: 22.3%, p = .002) and highest LF/HF ratio (male: 29.2%; female: 22.5%, p < .001). Table 3 summarizes the results of multiple logistic regressions for factors associated with the unhealthier parameters of HRV. In model I, only sleep duration was included as a parameter. The results showed that long sleepers had elevated risk for poor HF (odds ratio [OR]: 1.87, 95% confidence interval [CI]: 1.47-2.48) and LF (OR: 1.60, 95% CI: 1.25-2.12). Extreme sleep durations did not correlate with total power or LF/HF. When all sleep-related variables were included (model II), the findings were the same as those in model I. Long sleepers were still at higher risk to have unfavorable HF (OR: 1.83, 95% CI: 1.34-2.50) and LF values (OR: 1.44, 95% CI: 1.05-1.97). Additional sensitivity analyses were performed using a cutoff of ≥9 hours as long sleep duration. In model II, when ≥9 hours was used to define long sleep duration and 6-8 hours to define midrange sleep duration, all association patterns remained the same except for total power. Older adults who reported ≥9 hours of sleep had a poorer total power when compared with their counterparts (6-8 hours; OR: 1.52, 95% CI: 1.04-2.21). Table 4 illustrates the sex-specific associations between extreme sleep durations and HRV. By comparing the differences in findings among the two reduced models and the saturated model, the impact of various sets of covariates on these associations was also demonstrated. In model I, only age and the timing and location of HRV collection were included as covariates. In model II, anthropometric data, lifestyle, and sleep-related variables were added in addition to the covariates considered in model I. In model III, various comorbidities were added in addition to the covariates contained in model II. In the saturated model (model III), a male-specific pattern appeared in the association between extreme sleep duration and HRV. In agreement with the findings before stratification by sex, males with long sleep duration were specifically more likely to have poor HF (OR: 2.44, 95% CI: 1.56-3.83) and LF (OR: 1.76, 95% CI: 1.10-2.83). Additionally, males who had short sleep duration also had elevated risk for poor total power (OR: 1.80, 95% CI: 1.03-3.16) and HF (OR: 1.74, 95% CI: 1.02-2.96) in the stratified analyses. In contrast, no association was found between extreme sleep durations and HRV in females. Comparing the reduced models and the saturated model, the pattern of associations did not change significantly in males. Only the association between long sleep duration and poor total power diminished after adding more covariates. On the contrary, long sleep duration in females was related to poor HF and LF in model I, but this association vanished after controlling for confounding variables. Specifically, when comparing model II with model III, the association between long sleep duration and HF in females was confounded by comorbidities.
In the above analyses, the unhealthier parameters of HRV were categorized according to the quartile distribution of total participants. The inherent physiological differences between the sexes may influence the case numbers with unhealthier HRV. Consequently, the statistical power for the analyses in females may be compromised. Therefore, additional sets of multiple logistic regressions were performed. In these analyses, the four unhealthier parameters were re-defined separately among male and female participants. In each sex group, the respective lowest quartiles of total power, HF, and LF and the highest quartile of LF/HF were defined as the "unhealthier" parameters of HRV based on the respective distributions of HRV parameters. Compared to our prior findings in the sex-specific analyses, these new analyses showed 
Discussion
In the present study, our findings suggest that older adults with long sleep duration have a higher likelihood to have poor HF and LF values. Furthermore, a male-specific association was found. The sample size of the present study was adequate to include most potential confounders into its analyses. This rigorous consideration of confounding factors strengthens the validity of our findings. Long sleep duration has been reported to predict elevated risk for cardiovascular diseases; however, in contrast with short sleep duration, few studies have examined the underlying pathomechanisms for long sleep duration (7) . In prospective studies for older adults in Taiwan, long sleep duration, but not short sleep duration, specifically showed an elevated risk for cardiovascular mortality (4, 5) . The present study found that long sleep duration was independently correlated with lower HF, suggesting that older long-sleepers have poorer cardiac vagal control compared to midrange sleepers. Because impaired cardiac vagal control contributes to the elevated risk for cardiovascular morbidities or mortalities (29) , this finding implies that the elevated risk for cardiovascular morbidities or mortalities in older long-sleepers may be explained at least partly by attenuated cardiac vagal control.
In addition to HF, the present study also revealed a higher risk for poor LF in older adults with long sleep duration. In the literature, a U-shape relationship between sleep duration and adverse health outcomes has been described. Short sleep duration has been suggested to affect health due to the effects of co-occurring comorbidities. In contrast, long sleep duration may just reflect residual confounding factors or an epiphenomenon of failing health (30) . Because LF may serve as a marker for biological age (24) , the independent association between long sleep duration and poor LF suggests that older longsleepers might deviate from normal aging and consequently have a higher risk for premature death.
In the literature, the association between long sleep duration and cardiovascular disease was more consistent among individuals receiving >9 hours of sleep, but was heterogeneous among those receiving >8 hours of sleep (1) . Considerable evidence suggests that sleep duration of ≥9-10 hours is unfavorable among older adults (31) . In the present study, long sleep duration was defined as ≥8 hours, based on previous studies in Taiwan in which 8 hours of sleep was the lowest cutoff that could predict an elevated risk of cardiovascular mortality within the long arm of the sleep spectrum (4, 5) . In the present study, sensitivity analyses showed that older adults receiving either ≥8 or ≥9 hours of sleep were likely to have poor cardiac autonomic function. This finding suggests the robustness of the association between long sleep duration and poor HRV. Furthermore, regarding cardiovascular health, the upper limit of the recommended sleep duration may be lower for older Asian adults.
In reduced models of stratified analyses of male participants, a typical U-shape pattern of association between extreme sleep durations and HRV was demonstrated in relation to total power, HF, and LF. In males, the strength and statistical significance of these associations did not diminish significantly after controlling for various covariates. Furthermore, short sleep duration specifically showed a correlation with poor HF in males, which appeared in the sex-specific analyses. In contrast, the few significant associations noted in the reduced models for females vanished after consideration of confounding factors. These findings indicate a more robust relationship between extreme sleep durations and poor cardiac autonomic control in males. However, explanations for this sex-specific finding should be made with caution. Although females predominated the number of the participants, the percentages of individuals with unhealthier HF and LF/HF were greater in males. Physiologically, females have been found to have higher HF than males; males, in contrast, have higher LF/HF than females (24) . As a result, fewer females might have been categorized as individuals with unhealthier HRV, as we defined unhealthier HRV by pooling the estimates for both sexes together. This potential selection bias may result in inadequate statistical power for femalespecific analyses. However, this is unlikely in an aged cohort as the inherent physiological sex differences of HF and LF/HF disappear after the menopausal period (24) . In addition, when we performed additional analyses by re-defining individuals with unhealthier HRV within each sex, the major findings remained unchanged. Thus, our observed male-specific association between extreme sleep durations and unhealthier HRV is not likely a result of inherent sex-specific differences in HRV or inadequacies in statistical power. The underlying mechanisms of our sex-specific finding need further elucidation.
There are some limitations of the present study. The present study is of cross-sectional design; therefore, it is not possible to make causal inferences. In addition, the timeframe of recalling sleep duration was 4 weeks, and whether this snapshot view of sleep duration is capable of representing the stable status over a long period remains unknown. Furthermore, although inclusion of several sleeprelated variables is strength of the present study, we also incurred the risk of over-adjustment. However, the associations between extreme sleep durations and HRV did not differ before and after the inclusion of other sleep-related variables. On the contrary, residual confounding factors still probably biased our findings.
First, medications may bias the measurement of HRV (32) . In the present study, medical comorbidities were defined by both selfreported diagnoses and the respective treatments. If the medical morbidities were well controlled by medications, including medical morbidities in the models indirectly controlled for the effects of medications. Second, subjectively self-reported sleep duration may be different from objectively measured sleep duration, and the magnitude of the correlation between subjective and objective sleep duration in healthy older adults is only modest (33) . The disagreement between subjective and objective-estimated sleep duration in older adults is larger in male and individuals with poor sleep quality, cognitive decline, and disability (34). Except for cognitive function, factors that may inflate the discrepancy between subjective and objective estimates of sleep duration have been controlled for in the present Model I: age, sex, body mass index, education, living status, smoking, alcohol drinking, exercise, diabetes mellitus, hypertension, cardiovascular disease, stroke, hyperlipidemia, cancer, depression, anxiety, physical disability, collection time, and location of heart rate variability were included as covariates.
b Model II: covariates in model I plus bedtime, wake-up time, sleep quality, daytime sleepiness, and hypnotics use included as covariates. study. Furthermore, an extended time in bed was also predictive of an elevated risk for incident dementia in the follow-up study (35) . In the future, cognitive function should be considered when investigating the relationship between sleep duration and cardiac autonomic function. Third, primary disorders, such as sleep apnea, were not included as covariates, which also may introduce bias. However, we included the common consequences of these disorders (ie, obesity; daytime sleepiness) into the multiple regression models, which may reduce some degree of their confounding effects. The present study suggests that poor cardiac autonomic control may underlie the link between extreme sleep durations and adverse health outcomes. Further, compared to females, males with long sleep duration appeared to be more susceptible to attenuated cardiac autonomic function. Further follow-up studies are necessary in the future to examine the causal relationships between extreme sleep durations and cardiac autonomic control. 
